The Bacillus subtilis abh gene encodes a protein whose N-terminal domain has 74% identity to the DNAbinding domain of the global regulatory protein AbrB. Strains with a mutation in abh showed alterations in the production of antimicrobial compounds directed against some other Bacillus species and gram-positive microbes. Relative to its wild-type parental strain, the abh mutant was found deficient, enhanced, or unaffected for the production of antimicrobial activity. Using lacZ fusions, we examined the effects of abh upon the expression of 10 promoters known to be regulated by AbrB, including five that transcribe well-characterized antimicrobial functions (SdpC, SkfA, TasA, sublancin, and subtilosin). For an otherwise wild-type background, the results show that Abh plays a negative regulatory role in the expression of four of the promoters, a positive role for the expression of three, and no apparent regulatory role in the expression of the other three promoters. Binding of AbrB and Abh to the promoter regions was examined using DNase I footprinting, and the results revealed significant differences. The transcription of abh is not autoregulated, but it is subject to a degree of AbrB-afforded negative regulation. The results indicate that Abh is part of the complex interconnected regulatory system that controls gene expression during the transition from active growth to stationary phase.
Upon entry into stationary phase and sporulation, strains of Bacillus subtilis cells produce different spectrums of various antibiotic and antimicrobial functions (36) . Among the antimicrobials produced by B. subtilis 168 strains are sublancin (27) , subtilosin A (2, 35) , bacilysocin (46) , bacilysin (20, 22, 48) , the SdpC sporulation delay toxin (8, 14) , the SkfA sporulation killing factor (1, 14) , and the TasA protein (37) . The pleiotropic AbrB protein is known to play a role in regulating most of these antimicrobials in addition to numerous other genes expressed by postexponential-phase cells (22, 31, 36, 37, 54) .
The examination of over 60 chromosomal sites of AbrB binding has failed to uncover a consensus base sequence that has substantive predictive value and that can adequately explain target selection and affinity. High-affinity sites of AbrB-DNA interactions selected using in vitro methods do show convergence to a consensus, but sequences resembling this consensus are rarely found in the chromosomal sites (50, 53) . It has been hypothesized that AbrB achieves binding specificity by recognizing three-dimensional DNA architectures that are shared by a finite subset of base sequences (5, 40, 42, 45, 53) . A major factor accounting for what has been termed the "limited promiscuity" of AbrB-DNA interactions is believed to be the dynamic flexibility in the DNA-binding domain of the protein; this flexibility allows it to conform to different targets with thermodynamically favorable contacts (4, 6, 47) .
B. subtilis contains two AbrB paralogs: Abh (6, 23) and
SpoVT (3) . The abh gene codes for a protein of 92 amino acids, showing 58% overall identity to the AbrB protein. The N-terminal sequence of Abh (first 50 amino acids) shows 74% identity to the N-terminal, DNA-binding region of AbrB. Recently, we determined the nuclear magnetic resonance (NMR) structure of the Abh DNA-binding domain (6) and have begun to examine the DNA-binding properties of intact Abh tetramers. The NMR structure of the Abh DNA-binding domain is remarkably similar to that of AbrB, with most conserved residues having comparable orientations in the putative DNA recognition regions. However, there are subtle structural differences that could contribute to differences in the DNA-binding affinities, DNA-binding specificities, and regulatory scopes of the two proteins. In order to identify a possible regulatory role for Abh and to ascertain if its regulon overlaps with that of AbrB, we compared abrB and abh mutant strains for their effects on the production of antimicrobials directed against a variety of Bacillus species and other gram-positive bacteria. Using promoter-lacZ fusion constructs, we examined the expression of B. subtilis antimicrobial-associated operons and observed significant differences between the effects of abh versus abrB inactivation. We also compared the in vitro abilities of purified Abh and AbrB to bind promoter regions we observed to be subject to both Abh and AbrB regulatory effects in vivo. Our results indicate that Abh is part of the complex interconnected system of regulatory functions that controls gene expression during the transition from active growth to stationary phase, and to our knowledge, our results are the first to identify specific genes regulated by Abh.
MATERIALS AND METHODS
Bacterial strains and plasmids. Plasmids and Bacillus subtilis strains used for genetic analysis are listed in Table 1 . For simplicity and space considerations, not all strains used in the ␤-galactosidase assays of this study are listed. However, all strains serving as hosts for lacZ fusion constructs or as sources of lacZ fusion constructs are listed. The following strains used in antimicrobial tests were obtained from the Bacillus Genetic Stock Center: 4A2 (Bacillus thuringiensis Antimicrobial production assays. The basic procedure we used to test for the production (by strain derivatives of B. subtilis JH642) of antimicrobial activity directed towards other species (and B. subtilis strain variants) entailed spreading a lawn of the organism to be tested for sensitivity on an agar plate suitable for growth of both the lawn and B. subtilis, spotting cells of the B. subtilis putative producer strains onto the lawn via a toothpick, incubation at a suitable growth temperature for 16 to 18 h, and examination of the plates for the appearance of a zone of clearing of the lawn around the transferred B. subtilis colonies. A number of different base media were used for liquid growth of lawn cell cultures and agar plates: Luria-Bertani (LB), Schaeffer's sporulation medium (SM [34] ), brain heart infusion (Bacto BHI; Becton-Dickinson), Trypticase soy broth (BBL TSB; Becton-Dickinson), tryptose blood agar base (TBAB; used for agar plates only [Difco]), YT plus 2.5% NaCl (1% tryptone, 0.5% yeast extract, 2.5% NaCl; used for growth of V. marismortui), and terrific broth minus glycerol (per liter, 11.8 g peptone, 23.6 g yeast extract, 9.4 g K 2 HPO 4 , 2.2 g KH 2 PO 4 ). The above media were also tested with and without 0.25% glucose (except for BHI and TSB, whose formulations contain glucose). Not all media produced suitable growth of individual strains to be tested, and not all combinations were tried for each organism. B. subtilis strains to be tested for antimicrobial production were grown 16 to 18 h overnight (as patches streaked from initial single colonies) at 37°C on SM agar plates. Lawns of cells were prepared either by direct spreading of overnight cultures (0.15 to 0.3 ml) on the surfaces of the agar plates (allowed to dry before spotted B. subtilis cells were applied) or by spreading 0.3 ml overnight culture mixed with 3 ml molten (50°C) top agar (0.7% agar in the appropriate medium matching the agar plate) and allowing the mixture to harden before the B. subtilis cell spots were applied. In some cases, the overnight liquid cultures were centrifuged and the cells were resuspended in an equal volume of TM buffer (10 mM Tris [pH 7.5], 1 mM MgSO 4 ) prior to spreading. For those cases where both methods were directly compared for a given target, we did not observe a significant variability due to using washed versus unwashed lawn cells. For assays of the thermophilic organism G. stearothermophilus, the organism was first grown on TBAB plates overnight at 53°C and then cells were scraped from the plates, resuspended in TM buffer, and spread as lawns on the assay plates. B. subtilis cells were spotted onto these lawns as described above, and the plates were incubated for 7 to 8 h at 37°C (to allow the growth of B. subtilis) prior to being shifted to 53°C for overnight incubation and the growth of the G. stearothermophilus lawn.
Construction of ⌬abh::kan and pSpac-abh. A 1,076-bp DNA fragment containing a portion from the 5Ј end of mreBH, the entire coding sequence of abh, and the intergenic region separating these reading frames was generated from JH642 DNA by using standard PCR techniques. The primers used for amplification annealed at positions Ϫ483 to Ϫ466 and ϩ560 to ϩ577, relative to the adenosine in the abh ATG start codon. The primers each had 8-bp extensions, specifying EcoRI or BamHI sites, respectively. This fragment was ligated into EcoRIBamHI-digested pUC19, generating pMAS3157. Standard procedures (33) were used for cloning into Escherichia coli DH5␣ (Bethesda Research Laboratories), and plasmid DNA was isolated using the anion-exchange columns of QIAGEN, Inc. pMAS3157 was digested with BamHI, the ends were made blunt via Klenow fill-in, and then the plasmid was digested with EcoRI. The BamHI(blunt)-EcoRI fragment (about 1 kb) was inserted into EcoRI-HincII-cut pJM103 to create pMAS3162. This step was performed in order to ensure that the only HincII site in pMAS3162 was the one located within the abh gene. A kanamycin resistance gene from pJM114 (28) was then inserted in the HincII site of pMAS3162 to generate an interrupted abh gene in the resultant plasmid, pMAS3163. An abh inactivation strain was created by the transformation (17) of JH642 with linearized pMAS3163 and selection for kanamycin resistance. Transformants which had lost the cat marker of the plasmid (thus indicating recombination by a double-crossover event occurring in the abh sequences flanking the inserted kan gene) were obtained and designated SWV118.
Plasmid pLB6, containing an IPTG (isopropyl-␤-D-thiogalactopyranoside)-inducible pSpac-abh fusion, was constructed by the insertion of a 411-bp DNA fragment (obtained via PCR) into the amyE insertional vector pDR67 (21) . The insert fragment contained the intact abh reading frame flanked by the 68 bp upstream and 67 bp downstream of the open reading frame. The plasmid was transformed into recipient strains with selection for chloramphenicol resistance and screening for absence of amylase activity (see below).
Construction of lacZ transcriptional fusions. Single-copy integrational plasmids containing abhЈ-lacZ transcriptional fusions (pMAS3160 and pMAS3161) were constructed as derivatives of the amyE-inserting vectors pJM115 and pDH32. PCR was used to produce a 396-bp fragment that contained the intergenic mreBH-abh region and EcoRI-and BamHI-digestible ends. The fragment corresponded to positions Ϫ321 to ϩ59 relative to the start of the abh reading frame. A 400-bp fragment, containing 382 bp spanning the start of the sdpA gene and the upstream of the yvaV reading frame (endpoint 373 bp upstream of the sdpA reading frame to, and including, the first three sdpA codons), was obtained via PCR and inserted into pDH32 to produce pCT1. A 398-bp PCR fragment, containing the sboA promoter region (positions Ϫ338 to ϩ42 relative to the start of the sboA reading frame), was inserted into pDH32 to produce pAW73. A 421-bp PCR fragment, containing the sunA promoter region (positions Ϫ353 to ϩ50 relative to the start of the sunA reading frame), was inserted into pDH32 to produce pAW74. The identical fragment was inserted into pDG1729 (15) to produce pLB20. A 348-bp PCR fragment, containing the yqxM-sipW-tasA promoter region (positions Ϫ322 to ϩ8 relative to the start of the yqxM reading frame), was inserted into pDH32 to produce pAW75. (The sequence of any oligonucleotide used in this study is available upon request.) Transcriptional lacZ fusions to the aprE, sigW, spo0E, rbsRKDACB, skfABCDEFGH, and abrB operons have been described previously, and information regarding the strains providing the source of chromosomal DNA preparations used in transforming the fusions into other genetic backgrounds is given in Table 1 .
Strains containing single copies of lacZ fusions inserted at the amyE locus were constructed by transformation using the appropriate vector or chromosomal DNA preparation. Amylase activity was checked on Schaeffer agar plates (34) containing 1% corn starch. Strains containing pLB20 were constructed as above, but with confirmation that the recipients were threonine auxotrophs. Strains containing the sigWЈ-lacZ fusion present on the SP␤7063 prophage were constructed using a lysate of HB7070 and standard SP␤ transduction techniques. Antibiotic concentrations used in selective plates were 15 g ml Ϫ1 tetracycline, 2 g ml Ϫ1 kanamycin, 5 g ml Ϫ1 chloramphenicol, 7 g ml Ϫ1 neomycin, 75 g ml Ϫ1 spectinomycin, 1 g ml Ϫ1 erythromycin, and 25 g ml Ϫ1 lincomycin. Protein purification. A DNA fragment containing the B. subtilis abh reading frame and ribosome binding site was amplified by PCR and inserted into the expression vector pET21b to place the gene under IPTG-inducible control, and the plasmid was transformed into E. coli BL21(DE3). One liter LB broth containing 100 g/ml ampicillin was inoculated with the expression strain and grown at 37°C with vigorous aeration to an optical density at 600 nm of 0.9. IPTG was added to 1 mM, the temperature was lowered to 30°C, and incubation continued for 5 to 6 h. Cells were harvested by centrifugation and resuspended in 10 mM Tris-HCl (pH 8.3 at 4°C), 1 mM EDTA, 10 mM KCl, 1 mM dithiothreitol (DTT), 0.25 M 4-(2-aminoethyl)-benzenesulfonyl fluoride, and 0.01% Triton X-100. All subsequent steps were performed at 4°C. The cells were sonicated for 20 cycles of 2-min bursts/3-min rests, followed by centrifugation at 17,000 rpm (Beckman JA-20 rotor) for 25 min. The supernatant was saved as the crude extract. Solid ammonium sulfate was added slowly to the crude extract to a final concentration of 40% and allowed to sit for 30 min, followed by centrifugation at 17,000 rpm. The 40% supernatant was dialyzed versus 10 mM Tris-HCl (pH 8.3 at 4°C), 1 mM EDTA, 10 mM KCl, and 1 mM DTT and applied to a QSepharose column (Pharmacia). Abh bound to the column under these conditions and was eluted using a KCl gradient of 125 to 500 mM. The fractions containing Abh were pooled, dialyzed versus the aforementioned buffer, and loaded onto a heparin-agarose (Sigma) column previously equilibrated with identical buffer. The column was eluted using a gradient of 0 to 250 mM KCl, and Abh-containing fractions were pooled. Portions of the purified protein were concentrated using Centriplus YM3 and Centricon YM3 devices (Amicon). The protein was estimated to be greater than 95% pure, as judged by 12% tricine gel electrophoresis. Purified Abh was dialyzed into 10 mM Tris-HCl (pH 8.3 at 4°C), 1 mM EDTA, 10 mM KCl, and 1 mM DTT. Glycerol was added to a 25% final concentration for storage at Ϫ80°C.
B. subtilis AbrB was expressed in E. coli and purified as described previously (43, 45) .
DNA binding assays. DNA fragments used in DNase I footprinting assays were the following: an EcoRI-BamHI fragment of approximately 450 bp (containing the skfABCDEFGH promoter region from pEG101) (14); an EcoRI-HindIII fragment of approximately 400 bp (containing the sdpABC promoter region from pCT1) (this study); an EcoRI-BamHI fragment of approximately 300 bp (containing the aprE promoter region from pSG35.8) (16); a BamHIHindIII fragment of approximately 160 bp (containing the sigW promoter region from pXH23) (19) ; an EcoRI-BamHI fragment of approximately 400 bp (containing the abh promoter region from pMAS3155) (this study); an EcoRIBamHI fragment of approximately 420 bp (containing the sunA promoter from pAW78) (this study); an EcoRI-BamHI fragment of approximately 400 bp (containing the sboA promoter from pAW77) (this study); and an EcoRI-BamHI fragment of approximately 350 bp (containing the yqxM promoter from pAW79) (this study).
Plasmids containing the fragments were linearized at a unique restriction enzyme site flanking the insert and labeled using [␣-32 P]dATP (Amersham) and the Klenow enzyme, followed by the inactivation of the Klenow and the release of the singly end-labeled fragment via digestion at a unique site on its opposite flank. Labeled DNA fragments were purified using standard polyacrylamide gel electrophoresis and electroelution techniques. Protein binding buffer composition (1ϫ) was 50 mM Tris (either pH 7 or pH 8), 10 mM MgCl 2 , 100 mM KCl, 10 mM 2-mercaptoethanol, and 100 g/ml bovine serum albumin. We have previously determined that optimal Abh binding affinity occurs at pH 7 in vitro, whereas optimal AbrB affinity occurs in a broad plateau from pH 8 to above pH 9.5, with only a slight decrease (about twofold) seen for binding at pH 7 (6) . Therefore, we performed the in vitro DNA-binding reactions using AbrB at pH 8 and the Abh reactions at both pH 7 and pH 8. DNase I footprinting assays were performed at room temperature (22°C) and analyzed as described previously (45, 51) .
␤-Galactosidase assays. Strains to be assayed were grown in SM at 37°C with vigorous aeration and sampled from early logarithmic growth through 4 to 5 h past the transition to stationary phase. Assays were performed as described previously, and activities are reported in Miller units (12, 13, 26) . Each strain was assayed on at least three separate occasions. The temporal patterns of ␤-galactosidase expression, relative to those seen in the wild-type backgrounds, were not significantly different on the separate occasions. For a given sampling time, the quantitative ␤-galactosidase values for a given strain varied by no more than 25% on the separate days. The results shown in this communication are for "same-day" assays of the indication fusions in the various genetic backgrounds.
RESULTS
Comparison of the effects of Abh and AbrB on antimicrobial production by B. subtilis. We tested a variety of Bacillus species, close Bacillus relatives, and other gram-positive microbes (see Materials and Methods) for differential sensitivity to the presence of wild-type, abh, and abrB strains of B. subtilis. In some cases, we observed that factors related to the growth conditions could result in different sensitivity or resistance responses (qualitatively or quantitatively). The major variability-causing factors were the media used to grow cultures of the target lawn cells, the type of medium used for the agar test plates, and either the presence of 0.25% glucose during growth of the target cells or the presence of 0.25% glucose in the agar plates upon which the lawns were spread. However, for all but a few (i.e., B. subtilis NCIB3610, B. circulans, B. clausii, S. ureae, A. aneurinilyticus, and B. fusiformis) of the organisms screened, we observed at least one set of medium and plating conditions where a colony of an abrB mutant strain of B. subtilis produced a significant zone of clearing of the surrounding lawn cells. In each case where antimicrobial activity was produced by the abrB strain, the activity was greater or equal to that produced by the wild-type parental strain (some examples are shown in Fig. 1 ) and was not produced by a spo0A mutant strain (data not shown). This Spo0A phenotype is likely due to overexpression of abrB in spo0A strains (38, 55) since it could be suppressed by an abrB mutation. We did not observe any instances where an abh mutation was able to suppress this Spo0A phenotype (data not shown).
In comparing the antimicrobial activity produced by an abh mutant strain relative to that produced by the wild type, we observed specific, reproducible instances where the abh strain either was defective in production relative to the wild type or produced an antimicrobial activity greater than did the wild type (Fig. 1) . In each case, an abrB mutant produced either as much or significantly more of the activity compared to wild type. Although our assessments are strictly confined to a particular defined set of culture conditions giving reproducible qualitative results, the results indicate that Abh plays a regulatory role in the production of one or more antimicrobial compounds active against other species of bacteria. Abh and AbrB transcriptional control of antimicrobial operons. We examined the expression of lacZ reporter fusions to the promoters of the five genetically best-characterized antimicrobial operons of B. subtilis 168 (sunA, sboA-alb, yqxMsipW-tasA, sdpABC, and skfABCDEFGH) and the promoter of the sigW gene, which encodes an alternate RNA polymerase sigma factor directing the transcription of an antibiosis regulon, including genes specifying antibiotic resistance determinants (8-10). We observed evidence of abh-mediated regulation of each of these promoters (Fig. 2) . The observed abh-mediated effects upon expression of the sdpABC, skfAB CDEFGH, sboA, and yqxM promoters are consistent with an interpretation that the Abh protein is a negative regulator of their expression, whereas the observed abh-mediated effects upon the expression of the sigW and sunA promoters are consistent with an interpretation that the Abh protein plays some form of a positive role in regulating their expression.
The abh effect on the expression of sdpABC was both qualitatively and quantitatively different from the abrB effect, with the abrB mutation clearly being epistatic to the abh mutation (Fig. 2 ). An additional difference was that an abh mutation did not relieve the spo0A defect in sdpABC expression (data not shown), whereas an abrB mutation did.
Expression of the skfABCDEFGH operon is strictly dependent upon activation by the Spo0A protein commencing after the onset of stationary phase (14) , and neither an abh mutation nor an abrB mutation could suppress the spo0A mutation defect (data not shown). However, in a Spo0A ϩ background, both an abh mutation and an abrB mutation led to a significant increase in the level of Spo0A-mediated activation. These results imply that both Abh and AbrB proteins function as negative modulators of skfABCDEFGH promoter induction.
The sboA promoter was slightly overexpressed in the abh strain, and its temporal pattern of expression closely mirrored the wild-type pattern. In contrast, the abrB mutation resulted in a significant increase in sboA expression during both exponential and stationary phases. A spo0A mutation totally prevented the increase during stationary-phase expression (data not shown). An abrB mutation, but not an abh mutation, was capable of suppressing the spo0A effect (data not shown).
AbrB-mediated negative regulation of sigW and of some SigW-dependent promoters has been described previously (32) . In an otherwise wild-type background, abh mutants have an effect opposite from that of abrB mutants, primarily during exponential growth (Fig. 2 ). An abrB mutation was epistatic to the abh mutation. However, the effects of an abh mutation in other genetic backgrounds indicate that the role of Abh in sigW expression is more complex. Spo0A mutants result in low levels of sigW expression, an effect that can be suppressed by abrB mutations (32) . An abh mutation also partially restored the expression defects due to spo0A mutations, but this abh effect was significantly less than the abrB effect (data not shown). Similar dichotomous effects of an abh mutation, dependent upon the nature of the spo0A gene, were observed for the aprE promoter (see below).
The expression of the sunA promoter after the onset of stationary phase was noticeably decreased in an abh mutant but at near normal levels in an abrB mutant (Fig. 2) . We constructed sunA-lacZ reporter strains having the abh gene under control of the IPTG-inducible pSpac promoter. In both the presence and the absence of an intact abrB gene, IPTG induction of abh expression produced a noticeable increase in expression from the sunA promoter (Fig. 3 ). An activator role of Abh in sunA expression is further supported by an examination of the effects of various mutations upon the ability of B. subtilis 168 strains to produce an antimicrobial activity directed against B. coagulans (Fig. 4) .
Close inspection of the inhibition assays (Fig. 4) , using B. coagulans as a target, reveals an intriguing observation. Surrounding the clear halos produced by B. subtilis colonies are rings of more intense turbidity than the background lawn growth. These rings may be interpreted as due to a somewhat more dense growth or accumulation of the lawn cells in these areas. If this is the case, then one possibility is that the B. subtilis cells are excreting some type of interspecies pheromone that can lure B. coagulans cells to their ultimate demise. An alternative possibility is that lysed B. coagulans cells, but not the other species examined (Fig. 1) , release nutrients allowing greater growth densities on the periphery of the killing zone.
DNA binding of Abh and AbrB at the sunA, sboA, yqxM, sdpABC, skfABCDEFGH, and sigW promoters. Using DNase I footprinting, we tested to determine whether the abh and abrB effects on expression of the lacZ fusions could be correlated with evidence of in vitro DNA binding of purified Abh and AbrB to the targets and whether significant binding differences would be observed. AbrB binding to the sunA promoter resulted in a relatively strong degree of cleavage protection in the region from Ϫ178 to Ϫ105 bp upstream from the sunA reading frame. A much weaker region of potential binding was observed in the vicinity of a putative promoter sequence identified by Paik et al. (27) . (The actual promoter for the sunA operon has not been determined empirically.) The greatest level of Abh-binding-afforded protection was in a portion of the region of strongest AbrB binding. At the higher concentration of Abh used in the experiment (lane 3), protection was still afforded to the region but it appeared that the Abh interaction was significantly different in that downstream sequences were subject to enhanced DNase I cleavage.
Strongest binding of AbrB to the sboA promoter (54) occurred from Ϫ100 to Ϫ39 with a downstream extension seen at higher concentration (Fig. 5C, lane 1) . Abh binding to the fragment resulted in a general degree of cleavage protection along the entire length of the fragment. AbrB bound to two distinct regions in the putative promoter region upstream of the yqxM operon ( Fig. 5B and 6B) . Despite repeated attempts, we did not observe any indication of Abh binding (either protection from or enhancement of DNase I cleavage) with this region.
The results shown for Abh binding to the sunA and sboA promoter regions are for reactions performed at pH 7 (see Materials and Methods). For these targets (and for yqxM) we did not observe a significant effect of pH 8 versus pH 7 on the pattern or extent of the DNase I cleavages due to Abh binding. This was not the case for Abh interactions with the sdpABC and skfABCDEFGH promoter fragments (Fig. 7) .
At pH 8, Abh interaction with the sdpABC promoter-containing fragment was manifest primarily as regions of enhanced susceptibility to DNase I (Fig. 7A, left) . Our examination of these regions did not reveal any obvious pattern related to helical periodicity or base composition. Abh binding to the sdpABC promoter region at pH 7 resulted in extended regions of protection from DNase I that were not obvious when the binding reactions were carried out at pH 8. Some, but not all, of the protected bases seen upon Abh binding at pH 7 are those that showed enhanced susceptibility to DNase I attack when binding was performed at pH 8. These observations imply that Abh interaction with the sdpABC promoter region can result in two structurally distinct nucleoprotein complexes in a pH-dependent fashion. This implication contrasts dramatically with the binding behavior of AbrB, which produced essentially identical footprinting patterns on the sdpABC region at both pH 7 and pH 8 (AbrB binding at pH 7 not shown). At pH 7, Abh interaction with the skfABCDEFGH promoter region largely resembled that seen at pH 8 ( Fig. 7) and was noticeably different from the pattern of AbrB binding. To our knowledge, the location of the promoter(s) responsible for transcription of the skfABCDEFGH operon has not been determined, but the extensive nature of AbrB binding in the intergenic region of ybcM to skfA suggests that AbrB-dependent negative regulation probably entails interference with RNA polymerase binding. The AbrB binding site that overlaps with the perfect Spo0A box presumably required for activation of the skfABCDEFGH operon after the onset of stationary phase may play an important fail-safe role that prevents selfimmolation or sibling cannibalism at inappropriate times.
AbrB binding to the sigW promoter has been reported previously (32) . As judged by our DNase I footprinting assays (data not shown), Abh appears to interact only weakly with the sigW promoter region. The interactions appear very similar at both pH 7 and pH 8 and are evidenced primarily as weak cleavage protections and enhancements scattered throughout the region.
Abh does not regulate all AbrB-regulated genes. Each of the previously described genes shown to be regulated by Abh are also subject to regulation by AbrB. To determine whether all or only some AbrB-dependent genes are regulated by Abh, we examined the expression of lacZ fusions to the promoters of the aprE (12), spo0E (29, 39) , abrB (44) , and rbsRKDACB (41, 49) operons. We did not observe evidence of an Abh role in the regulation of the spo0E, abrB, and rbsRKDACB operons (data not shown). An abh mutation did produce a noticeable effect upon the expression of the aprE (subtilisin) promoter (Fig. 8) .
Interestingly, one known role of subtilisin is in processing the lantibiotic subtilin (11) . The AbrB footprint (Ϫ60 to ϩ27) seen in Fig. 8 (lane 7) is essentially identical to a previous determination (45) . An Abh interaction affording cleavage protection from Ϫ31 to ϩ28 and resulting in enhanced susceptibility upstream of this region was evident at both pH 7 and pH 8. AbrB regulates abh expression. We constructed an abhЈ-lacZ transcriptional fusion to examine the expression of the abh gene (Fig. 9 ). An abrB mutation resulted in an approximately twofold increase in abhЈ-lacZ transcription during late vegetative growth and the early stages of stationary phase and sporulation. The inactivation of abh had no effect upon expression of the abhЈ-lacZ reporter, indicating that the gene is not autoregulated. Consistent with regulation by AbrB, the deletion of spo0A (which produces an increase in abrB expression [30, 38, 55] ) lowered abhЈ-lacZ expression, while expression in a spo0A abrB strain mirrored that seen in the abrB mutant.
We performed DNase I footprinting assays on fragments encompassing the abh-mreBH intergenic region. Relatively weak AbrB-binding occurred extensively in this region, but no evidence of Abh binding at either pH 7 or pH 8 was observed (data not shown).
DISCUSSION
The NMR structure of N domain dimers of the B. subtilis Abh protein is remarkably similar to the structure of N-terminal DNA-binding domain dimers of its paralog AbrB (6) . That the Abh protein is a DNA-binding protein has been shown previously (6) , and it is highly probable that the DNA-binding properties of Abh reside primarily in the N-terminal domains of its monomeric subunits. Given the remarkable similarity in the structures of their DNA-binding domains, we have begun to determine whether Abh plays a role in regulating some or all of the same genes controlled by AbrB. One of the best-known and crucial physiological roles played by AbrB is participation in the regulatory control of antibiotics expressed by B. subtilis as the cells enter stationary phase. To determine what, if any, role Abh might also play in the expression of these functions, we compared abh and abrB mutant strains for the total production of antimicrobials active against other species of bacteria, examined the effects of the mutations on the expression of known antibiotic synthesis operons, and compared the in vitro DNA binding properties of the two proteins to the promoter regions of these operons. Our results show that Abh does play a role in regulating the spectrum of antibiotics expressed by B. subtilis and that the effects of abh and abrB mutations differ either qualitatively or quantitatively for each of the shared target promoters whose expression we examined. To our knowledge, this is the first communication to identify specific genes regulated by Abh. The expression of each of the five antibiotic synthesis operons we have examined has been previously reported to be subject to some form of negative regulation exerted by AbrB (for a review, see reference 36). Our ␤-galactosidase assays and footprinting studies locating regions of AbrB binding in the promoter regions confirm and extend upon the previous reports. Although an abrB mutation had only a modest effect on sunA promoter expression under the conditions we examined, it should be noted that the overexpression of AbrB, due to the presence of a spo0A mutation, decreases sunA expression significantly and abrB mutations relieve the spo0A effect (data not shown). Such observations indicate that AbrB can function as a repressor of sunA. The effects of an abh mutation (in an location(s) of the Spo0A-activated promoter(s) responsible for transcription of the skfABCDEFGH operon has not been determined, but the start of the skfA reading frame and a 7-bp sequence with perfect homology to a Spo0A recognition box (5Ј-TGNCGAA-3Ј) (38) are indicated for reference. The three sequence regions in underlined, bold, italic characters are those bound by AbrB (labeled a, b, and c, corresponding to the regions denoted to the left). The plus signs above and below the strand sequences indicate the positions on the corresponding strand that are subject to noticeable sensitivity to DNase I attack in the presence of Abh protein. The plus signs enclosed in parentheses denote positions of Abh-enhanced DNase I sensitivity occurring primarily, or only, at pH 8. Pluses that are not enclosed by parentheses are regions subject to Abh-enhanced DNase I sensitivity at both pH 7 and pH 8. ORF, open reading frame. otherwise wild-type background) upon the expression of the sdpABC, skfABCDEFGH, and yqxM promoters are consistent with an interpretation that the Abh protein is also a negative regulator of their expression under these conditions. In contrast, Abh appears to act as a positive factor for the expression from the sunA promoter during early stationary phase. Abh also seems to play some type of activating role for expression of aprE after the onset of stationary phase and a modest activating role for sigW expression during late exponential and early stationary phases. In each case where an epistatic relationship could be unambiguously ascertained, abrB mutations were epistatic to abh mutations. It is obvious that the DNA binding properties of Abh differ significantly from those of AbrB. Contrasting with the sharply defined extents of AbrB binding interactions evidenced in the DNase I footprinting protection patterns seen here and in numerous prior studies (39-42, 45, 51-53) , Abh might have a more relaxed binding specificity and perhaps a greater tendency for cooperative promulgation of binding extension into adjacent DNA regions in a sequence-independent fashion. Nevertheless, as judged by the altered DNase I cleavage patterns we do observe, Abh can interact in vitro with the promoter regions of the sdpABC, skfABCDEFGH, sunA, sboA, and aprE operons (and perhaps very weakly with the sigW promoter). In contrast, we have not observed any evidence of Abh interaction with the yqxM promoter. A striking effect of reaction pH can be seen for the Abh-sdpABC interaction (Fig.  7) ; more-subtle pH effects are evident for the interactions with skfABCDEFGH and aprE ( Fig. 7 and 8 ), but the Abh interactions with the sunA, sboA, and sigW promoters show very little, if any, effect due to pH (Fig. 5 and data not shown) . In a separate study (6) employing a synthetic DNA target to which Abh binds with high degree of sequence specificity and gives a sharply delineated region of protection from DNase I cleavage, we determined that optimum Abh binding occurred at pH 7. Abh binding affinity at pH 8 was approximately 5 to 10 times less than at pH 7. The footprinting results shown in Fig. 7 imply that pH also may affect the structure of the nucleoprotein complex formed between Abh and some DNA targets. An intriguing possibility is that the differential binding properties of Abh at pH 8 versus pH 7 might be related to the adaptation to environmental pH (which has been shown to affect Bacillus intracellular pH [7, 18] ) or to a physiological change in intracellular pH that occurs during the sporulation process (24, 25) . One role for Abh may involve assuming or augmenting AbrB repressive effects under conditions leading to lowered intracellular pH. We are currently attempting to assess the potential physiological consequences of Abh's pH preference.
We cannot say with absolute certainty that the DNA binding interactions of Abh we have observed in vitro can be completely correlated with the abh effects on promoter expression seen in our ␤-galactosidase assays, although such a scenario seems probable in many cases. Given that we could not detect evidence of an Abh-yqxM binding interaction in vitro, Abhdependent regulation of the yqxM promoter would appear to be one case where the Abh effect is indirect through other, unidentified regulatory factors. But at promoters where Abh and AbrB are capable of binding under identical conditions, the possibility exists that Abh plays a role in displacing, tempering, or augmenting AbrB repressive effects. It might accomplish either of the latter two possibilities by interaction with DNA sequences either within or flanking AbrB binding targets, thereby changing the DNA conformation such that it is presented as either a better or a worse substrate for AbrB interaction. In those cases where in vivo results indicate that an abrB mutation is epistatic to an abh mutation, the observations are consistent with, but do not prove, a model where the role of Abh is in affecting the AbrB-dependent regulatory mechanism. In this model, the relative levels of AbrB and Abh activity present in the cell under varying environmental and physiological conditions could be a crucial factor determining the extent of expression from the target promoters. The results we have presented concerning the expression of sunA and protein binding to the sunA promoter region may be used to illustrate such a model. Abh binding to the sunA promoter region may function to hinder AbrB interactions in the region. In the absence of Abh, or when AbrB is present at higher intracellular levels (such as in spo0A strains), AbrB binding to sunA is unimpeded and leads to lowered sunA expression. Our attempts to gain additional support of such a model using competitive binding assays have been hampered by the fact that AbrB shows a significantly greater binding affinity than Abh does (on a molar basis) under the variety of in vitro binding conditions we have examined. Of course, it is also difficult to assess the physiological relevance of any such in vitro experimental results without knowledge of how the in vitro assay system actually mimics the specific intracellular environment and possible DNA conformations assumed by the promoter regions in their native chromosomal context.
Another possibility for AbrB-Abh regulatory interactions at some promoters is that Abh and AbrB can form mixed multimers that have DNA-binding properties different from those of the homotetramers. Heterotetramers containing wild-type and mutant AbrB subunits can be formed in vitro (47) . We have preliminary evidence that subunit mixing can occur between Abh and AbrB subunits in vitro and that AbrB-Abh interactions can occur in a yeast cell two-hybrid system (E. Adeishvili and M. A. Strauch, unpublished data), and we have begun to further explore the possible significance of these observations.
Although we do not yet know the entire scope of the Abh regulon, the evidence we have presented indicates that it includes functions involved in the production of, and resistance to, antimicrobials. As such, it overlaps partially with the AbrB regulon. Also evident is that AbrB and Abh can play different regulatory roles at shared target promoters and that these regulatory interactions at any given target might be multifaceted and complex. Experiments are under way to further define the scopes of the Abh and AbrB regulons under different growth and environmental conditions and to explore the interactions between AbrB and Abh that are used by the cell to tailor changes in gene expression to fit the precise challenges to survival that it encounters.
